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Abstract: The main objective of the study is to enhance the aerodynamic characteristics and
maneuverability of the aircraft which includes reduction in drag, increment in lift and delaying of
flow separation and stalling. The research is primarily focused on increasing lift and reducing drag
by introduction of dimple and vortex generator over an airfoil body. This paper also covers the basic
designing of an airfoil with some surface modifications which results in higher lift to drag ratio,
enhanced aerodynamic characteristics and efficiency of wing. Airfoil with dimple and vortex
generator has been modeled and analyzed in ANSYS at various angles of attack. Computational
results indicate that dimple makes aircraft wing more efficient by providing more lift to drag ratio
than a vertex generator.
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I.

INTRODUCTION

Aerodynamic efficiency is one of the most significant parameters that determine performance,
weight and cost of an aircraft. Aerodynamics is critical to both commercial and military aircraft as
for commercial aircrafts, improved aerodynamic characteristics reduces operating costs. It
significantly contributes to the national security by improving efficiency, maneuverability and
performance of military aircraft. In aerodynamics, flow separation is an undesirable phenomenon and
boundary layer control is an important technique for flow separation problems. Flow separation
occurs when the boundary layer travels far enough against an adverse pressure gradient that the
speed of the boundary layer relative to the airfoil falls almost to zero (Fig. 1).

Fig. 1: Flow separations on airfoil
The fluid flow detaches from the surface and instead takes the forms of eddies and vortices. It can
result in increased drag and stalling owing to significant loss in generated lift. By controlling the
flow, the fuel consumption may be decreased to almost 30 percent as reported by Braslow (1999). In
addition, lower fuel consumption will reduce the operating costs of commercial airplanes at least 8%.
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Application of dimple on wing body is introduced which gives delay/advance transition,
suppress/enhance turbulence or prevent/provoke separation, drag reduction, lift enhancement. It also
increases the angle of stall by delaying the flow separation. Stalling is the strong phenomena during
landing because at the time of landing aircraft high angle of attack leads to stalling of aircraft. This
stall makes uncontrolled, leads to accident. To avoid this kind of situation we need to increase the
stalling angle. Hence improved stalling characteristic is the best way to ease landing complexity.
After passing the critical angle of attack, wing is unable to produce sufficient lift to balance weight,
if this angle exceeds it leads to flow separation, thereby increase in drag, which reduces the L/D
ratio. Modifying the aircraft wing structure by means of placing dimple will reduce the drag to
considerable amount and helps to stabilize the aircraft during stall. For example, a golf ball with a
dimpled surface can travel higher and further than a smooth surfaced golf ball when subjected to
identical force. The dimples on golf balls induce turbulence at lower Reynolds number, providing
extra momentum or energy to the boundary layer and causing delay in flow separation. This
phenomenon causes smaller wake areas or swirling flow regions behind the ball, thus reducing the
total drag. In deep, dimples delay the flow separation point by creating turbulent boundary layer by
reenergizing potential energy in to kinetic energy.
Vortex Generator is most frequently used modifications to an aircraft surface to improve its
maneuverability. It creates turbulence by creating vortices, which delays the boundary layer
separation resulting in decrease of pressure drag and also increase in angle of stall. It helps to reduce
the pressure drag at high angle of attack and also increases the overall lift of the aircraft. In this study
we are designing two airfoils with surface modifications such as dimple and vortex generator with
cylindrical profile and comparing them with simple airfoil. Aerodynamic analysis carried out using
Computational Fluid Dynamics (CFD).
II.

METHODOLOGY

To carry out the study on the proposed idea, standard airfoil profiles have been selected on which the
whole study was conducted. Simulations were carried out on the airfoil – NACA 2412(Fig. 2). The
study assumes the use of incompressible and isothermal flow.

Fig. 2: NACA 2412 Profile.
A.

Design Requirements

Selection of an airfoil for a wing begins with the clear statement of the flight requirements. For
instance, a subsonic flight design requirement is very much different from a supersonic flight design
objectives. On the other hand, flight in the transonic region requires a special airfoil that meets Mach
divergence requirements. The designer must also consider other requirements such as airworthiness,
structural, manufacturability, and cost requirements. In general, the following are the criteria to select
an airfoil for a wing with a collection of design requirements:
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1. The airfoil with the highest maximum lift coefficient.
2. The airfoil with the proper ideal or design lift coefficient.
3. The airfoil with the lowest minimum drag coefficient.
4. The airfoil with the highest lift-to-drag ratio.
5. The airfoil with the highest lift curve slope.
6. The airfoil with the lowest (closest to zero; negative or positive) pitching moment coefficient.
7. The proper stall quality in the stall region (the variation must be gentle, not sharp).
8. The airfoil must be structurally reinforceable. The airfoil should not that much thin that spars
cannot be placed inside.
9. The airfoil must be such that the cross section is manufacturable.
10. Other design requirements must be considered. For instance, if the fuel tank has been designated
to be places inside the wing inboard section, the airfoil must allow the sufficient space for this purpose
B.

Airfoil geometry

Airfoil geometry is often summarized by a few parameters such as: maximum thickness, maximum
camber, position of max thickness, position of max camber, and nose radius. The airfoil shape (Fig. 3)
is obtained by combining the camber line and the thickness distribution in the following manner.

Fig. 3 Airfoil profile with various parameters
Draw the cord line and lines perpendicular to it at various locations (Fig. 4a). Lay off the thickness
distribution along the lines drawn perpendicular to the mean line (Fig. 4b). The center of the leading
edge radius is located along the tangent to the mean line at the leading edge (Fig. 4c). Depending on
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the thickness distribution, the trailing edge angle may be zero or have a finite value. In some cases,
thickness may be non-zero at the trailing edge (Fig. 4d).
C.

NACA 4 digit airfoil Design

The camber of a four-digit airfoil has made up of two parabolas. One parabola generates the camber
geometry from the leading edge to the maximum camber, and another parabola produces the camber
shape from the maximum camber to the trailing edge. This airfoil is controlled by 4 digits which
designate the camber, position of the maximum camber and thickness. In NACA MPXX, M is the
maximum camber divided by 100. P is the position of the maximum camber divided by 10. XX is the
maximum thickness divided by 100. Following equations are used to calculate camber and gradient:

Fig. 4 Airfoil geometry
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Front (0 ≤ x < P)
Camber, Yc = M (2Px-x2)/ P2

(1)

Gradient, dyc/ dx = 2M (P-x)/ P2

(2)

Back (P ≤ x ≤ 1)
Camber, Yc = M (1-2P+2Px-x2)/ (1-P) 2

(3)

Gradient, dyc/ dx = 2M (P-x)/ (1-P) 2

(4)

The thickness distribution is based on successful RAE & Gottigen airfoils. It is given as:
yt = 5T (a0 x0.5+a1 x+a2 x2+a3 x3+a4 x4)

(5)

Where:
a0= 0.2969

a1= -0.126

a2=-0.3516

a3=0.2843

a4=-0.1015 or -0.1036 for closed trailing edge.
The constants a0 to a4 are for a 20% thick airfoil. The expression T/0.2 adjusts the constants to the
required thickness. At the trailing edge (x=1) there is a finite thickness of 0.0021 chord width for a
20% airfoil. If a closed trailing edge is required the value of a4 can be adjusted. The value of yt is a
half thickness and needs to be apply both sides of the camber line. Using the equations above, for a
given value of x it is possible to calculate the camber line position Yc, the gradient of the camber line
and the thickness. The position of the upper and lower surface can then be calculated perpendicular to
the camber line (Fig. 5)

Fig. 5 Thickness and Camber profile
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Upper surface,
xu = xc – yt sin(θ)

(6)

yu = yc + yt cos(θ)

(7)

Lower surface,
xl = xc + yt sin(θ)

(8)

yl = yc – yt cos(θ)

(9)

Here, θ = atan (dyc/ dx)
The most obvious way to plot the airfoil is to iterate through equally spaced values of x calculating the
upper and lower surface coordinates. While this works, the points are more widely spaced around the
leading edge where the curvature is greatest and flat sections can be seen on the plots. To group the
points at the ends of the airfoil sections, cosine spacing is used with uniform increments of β.
Χ = 0.2 (1-cosβ)
D.

where: 0 ≤ β ≤ 

NACA 5 digit airfoil Design

It was observed that maximum coefficient of lift of the airfoil could be increased by shifting forward
the location of the maximum camber. This finding led to development of five-digit series airfoils. The
new camber lines for the five-digit series airfoils are designated by three digits. The same thickness
distribution was retained as that for NACA four-digit series airfoils. The camber of a five-digit airfoil
section has made up of one parabola and one straight line. The parabola generates the camber
geometry from the leading edge to the maximum camber, and then a straight line connects the end
point the parabola to the trailing edge. In a five-digit NACA i.e., NACA LPQXX airfoil section the
first digit represents the 2/3 of ideal lift coefficient in tenths. It is an approximate representation of
maximum camber in percent chord. The second digit indicates the position of maximum camber in
two hundredths of chord length. The last two digits represent the maximum thickness-to-chord ratio.
A zero in the first digit means that this airfoil is a symmetrical airfoil section. The camber line shape
is given as:
yc = (1/6) k1 [x3 – 3mx2 + m2 (3-m) x], 0 < x ≤ m

(1.10)

yc = (1/6) k1 m3 [1-x], m < x < 1

(1.11)

The value of ‘m’ decides the location of the maximum camber.
E.

Shape, size and location of modification over an airfoil

Two types of shapes, a dimple and a vortex generator with cylindrical profile (Fig. 6 and Fig. 7
respectively) are considered to investigate the behavior of flow over airfoil body.
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Fig. 6 Profile view of dimple over an airfoil

Fig. 7 Profile view of vortex generator over an airfoil
Table 1. Specifications of dimple

Dimple

x
0.75c

d
0.05c

R
d

r
d/10

Table 2. Specifications of vortex generator
Vortex Generator

X

Y

y

R

0.6c

0.077c

0.02c

0.005c

Adding an ununiformed shape on a streamlined body helps to delay the flow separation and reduce
the size of the wake but it might also increase the friction drag as a trade-off. Hence, it is necessary to
optimize the position and dimensions of the dimple relative to the size of the whole body. Table 1
represents size and location of a dimple on airfoil and table 2 represents X, Y and R arrangements of a
cylindrical body placed over an airfoil, where (y) is the gap between the vortex generator and the
airfoil.
III.

RESULTS

Lift, drag and lift to drag ratio are investigated by adding the two different shapes in the flow over an
airfoil body at various angle of attacks such as 0, 5, 10 and 15. Table 3 and 4 represents
differences in lift, drag and their ratios between a conventional airfoil which is without any
modification and with airfoil modified with addition of a dimple and Vortex generator respectively.
Clearly modified airfoil shows better results as compare to conventional airfoil. It is showing that
Cl/Cd with dimple is 13, 4.6, 4.8 and 1.8 times more than and Cl/Cd with Vortex generator is 11.3, 3
and 3.51 more than of simple airfoil at 0, 5, 10 and 15 angle of attack respectively.
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Table 3. Lift, drag and lift to drag ratio of simple airfoil and airfoil with dimple at various angle of
attacks.
Angle of attacks
0
5
10
15

Simple airfoil
Cl
Cd
6.93E-05
5.91E-05
4.42E-04
8.30E-04
6.78E-04
1.36E-04
7.84E-04
2.24E-04

Cl/Cd
1.17
5.33
4.98
3.5

Modified airfoil
Cl
Cd
3.80E-03
2.30E-04
8.8E-3
2.95E-04
1.28E-02
4.42E-04
1.23E-02
1.28E-03

Cl/Cd
16.51
29.87
28.89
9.658

Table 4. Lift, drag and lift to drag ratio of simple airfoil and airfoil with Vortex generator at various
angle of attack.
Angle of attacks
0
5
10
IV.

Simple airfoil
Cl
6.93E-05
4.42E-04
6.78E-04

Cd
5.91E-05
8.30E-04
1.36E-04

Cl/Cd
1.17
5.33
4.98

Modified airfoil
Cl
Cd
3.9E-03
2.7E-04
7.5E-03
3.5E-04
1.1E-02
4.9E-04

Cl/Cd
14.44
21.43
22.45

CONCLUSION

Modification of aircraft surface with vortex generator clearly gives more lift but it also increases the
drag as induced vortices. It delays flow separation and stalling but also increase fuel consumption. On
the other hand dimple gives more lift coefficient and less drag coefficient than vortex generator and
results shows clearly that Cl/Cd is much more in case of dimple. Hence, Overall performance of an
aircraft will increase if the airfoil surface is modified by dimple than vortex generator.
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